Background. Dual tasking can interfere with activity after stroke. Objective. The authors examined the interactions between 3 different cognitive tasks and the swing and double-limb support (DLS) components of the gait cycle in community-dwelling individuals poststroke. Methods. Acquisition of cognitive and gait data were synchronized to study the cognitive-motor interference effects during the different phases of the gait cycle. Participants performed 3 different cognitive tasks in isolation and in combination with walking as well as a single walking task. Tasks were performed continuously for 3 minutes, generating 131 ± 39 gait cycles per person for analysis for each walking trial. Data were analyzed for 8 participants 7.6 ± 4.2 months poststroke. Results. A significant increase was found in the proportion of the gait cycle spent in DLS in dual-task walking because of an increased duration of the DLS phase associated with paretic weight acceptance. There was a significant dual-task effect on nonparetic swing duration: participants reduced the amount of time in paretic single-limb stance in the 3 dualtask conditions. Temporal asymmetry of gait did not increase significantly under dual-task conditions. Reaction times were not affected by whether the stimuli were present during the swing or DLS phase of the gait cycle. Conclusions. The findings from this pilot study provide evidence that cognitive-motor interference during gait may be influenced by the phase of the gait cycle, especially DLS involving paretic weight acceptance, which may affect community ambulators with hemiparetic stroke.
Introduction
Despite the increasing frequency of dual-task studies in clinical populations, a relatively limited number of studies have investigated gait-related cognitive-motor interference effects in people after stroke. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Many have focused primarily on the dual-task effects on gait speed, 1,4,7-10 stride duration, 2,3,6,8 and cadence. 5, 7, 8, 10 Although average parameters such as gait speed are important determinants for functional walking, 11 other temporal parameters of gait can reveal more about gait stability. 12 For instance, the amount of time spent in double-limb support (DLS) and measures of temporal asymmetry may be useful indicators of balance control during walking. 13, 14 Dual-task effects on DLS duration in people after stroke have been explored in only 1 study. 1 Bowen et al 1 found an increase in DLS when individuals at 120 ± 48 days poststroke were required to perform a cognitive task simultaneously. The concurrent changes in swing duration and dual-task effects on the cognitive task performance were not reported. A further limitation was that gait was measured over only 8 m, and only 1 type of cognitive task was examined. To expand on this research, we investigate the interactions between DLS and swing duration, and 3 different cognitive tasks during continuous overground walking (3 minutes) . Ascertaining how DLS and swing durations interact with additional cognitive demands may help quantify gait instability during dual-task walking in people after stroke as well as help clinicians identify specific limitations to be targeted in therapy.
Regnaux et al 6 reported longer reaction times (RTs) to tactile stimuli applied during DLS than swing in people poststroke. Longer RTs for stimuli presented during DLS would imply that this phase of the gait cycle demands more attentional resources than the swing phase. This seems counterintuitive at first because DLS is the most stable part of the gait cycle and could logically be presumed to require fewer attentional resources to maintain stability than the relatively unstable swing phase. One possible explanation is that paretic preswing is more attention demanding than paretic swing execution for persons with hemiparesis. This account seems plausible from a motor planning perspective. The previous study did not examine RTs for each DLS phase independently, so it is not known if the dual-task effect on RT was the same for both DLS phases. The current study examines the effects of each DLS phase on cognitive task performance as well as the effects of cognition on the duration of each DLS phase.
The degree of asymmetry between the paretic and nonparetic limbs for temporal parameters of gait may provide insight into the control of balance during walking. 14 Indeed, temporal asymmetry is highly prevalent in independent ambulators following stroke 15 and correlates strongly with motor recovery and gait speed. 16, 17 Although a growing body of literature provides evidence that attention-demanding cognitive tasks have destabilizing effects on control of posture, 18 voluntary step execution, 19 and continuous walking 8 after stroke, to our knowledge, dual-task effects on temporal asymmetry of gait after stroke have not been measured.
The purpose of this study was to examine the interactions between cognition and each phase of the gait cycle during dual-task walking using 3 distinct cognitive tasks. The specific aims were the following: (1) to investigate cognitivemotor interference effects on DLS and swing duration, (2) to assess dual-task effects on temporal asymmetry of gait, and (3) to examine the effects of DLS and swing phases on RT to auditory stimuli requiring mental processing and a verbal response.
Methods
This article presents a further analysis of data that were partially described previously. 8 The focus of the current report is the analysis of the synchronously recorded cognitive and gait data and analysis of dual-task effects on distinct phases of the gait cycle. Previously, we reported the cognitivemotor interference effects on gait speed, stride duration (mean and SD), stride length, and cadence of 3 different cognitive functions (working memory, visuospatial cognition, and production of spontaneous narrative). Subsequently, the synchronization of the auditory stimuli and verbal responses with the footfall data in the RT tasks allowed us to identify the phase of the gait cycle during which each stimulus onset occurred. Therefore, we were able to examine differences in RTs to stimuli delivered during DLS and swing. The current report presents the results from this analysis. We also describe the dual-task effects on swing and DLS duration of the gait cycle under the 3 dualtask conditions relative to walking without an added task.
Participants
Thirteen community-dwelling individuals who had suffered a stroke participated in this study. To be included, the participants had to be able walk at least 10 m without physical assistance, follow a 3-step command, and be able to perform the cognitive tasks. Participants were ineligible to participate if they had preexisting neurological disorders, orthopedic conditions affecting walking, severe aphasia, or uncorrected visual or hearing impairment. The analyses presented in this article required footfall data from both paretic and nonparetic limbs, and thus, the sample reported here is a subset (n = 8) of the earlier group, including only those for whom synchronized data were available for both feet. The 8 participants (7 men) in this analysis were 60.3 ± 18.2 years old and 7.6 ± 4.2 months after stroke onset, with self-selected gait speed of 0.82 ± 0.34 m/s. Except for 1 participant whose self-selected gait speed was 0.15 m/s, all other participants walked 0.67 to 1.19 m/s. Thus, the sample mostly reflects individuals who are independent community ambulators. The participants had moderate to marked lower-extremity motor impairment, as assessed using the lower-extremity portion of the Fugl-Meyer Motor Assessment Scale 20 : mean score 25.9, range 18 to 30 (maximum possible score is 34). Two of the participants wore an anklefoot-orthosis on the hemiparetic leg; one also used a quad cane. The stroke was ischemic in all participants, with right side hemiparesis in 5 of the 8 cases. The performance of the 8 participants on a battery of cognitive tasks is summarized in Table 1 . All participants provided informed consent. The study was approved by the institutional review board at the University of Florida.
Procedures
The procedures and tasks have been described in detail previously. 8 Briefly, the participants performed 3 cognitive tasks (auditory 1-back, auditory visuospatial clock task, and spontaneous speech) while sitting and in combination with walking. The walking task was also performed in isolation (single walk). No instructions regarding gait speed or task prioritization were given. The participants self-selected their walking speed in each task. The order of the 3 dual tasks was randomized. Auditory stimuli were delivered through wireless headphones, and verbal responses (yes/no) were recorded via a wireless microphone. The footfall data were collected using footswitch technology (B&L Engineering, Tustin, CA).
The laptop computer that delivered and recorded the stimuli and responses for the RT tasks (1-back and clock tasks) had a synchronized start-up with Vicon Workstation v4.6 (Vicon, Los Angeles, CA) on a separate computer, to which the footfall signals were transmitted wirelessly. One data file was created from each computer-one for the stimulus and RT sequences and one for the footfall events. Because each event was time stamped with synchronized start-up, the 2 files could be merged to create a master file with each event in order: stimulus onset, onset of verbal response, and gait events (heel strike and toe-off for each foot). A synchronized file was created for each participant for each dualtask condition in which RTs were collected (ie,1-back and clock tasks only). In other words, analysis of the effects of DLS and swing on cognition, which required synchronization of the gait and cognitive data, was possible only for the RT tasks. Spontaneous speech was recorded with a digital recorder. The speech recordings were not time labeled; thus, we were not able to analyze the effects of DLS and swing phases on speech performance. In contrast, we were able to examine the effects of each of the 3 cognitive tasks on DLS and swing duration because these analyses involved only the gait data in each condition. The overall dual-task effects on spontaneous speech have been described elsewhere. 8 Each task lasted approximately 3 minutes, resulting in the acquisition of 131 (±39) continuous strides for each walking trial. This is a considerably larger number of uninterrupted strides than that in most previous gait-related dual-task studies in stroke, which typically analyzed dual-task walking over 4 to 8 meters. 1, 4, 7 
Outcome Measures
The dependent variable for examining cognitive-motor interference effects on cognition was RT (time in milliseconds from stimulus onset to onset of verbal response). The participants made too few errors in either the 1-back or the clock task 8 to warrant an investigation of errors for each gait cycle phase. The dependent variables for examining cognitive-motor interference effects on gait were DLS duration and swing duration, expressed as a percentage of the gait cycle duration. We also analyzed dual-task effects on swing duration variability (coefficient of variation, CV) and temporal asymmetry. The temporal asymmetry was quantified by calculating the swing-stance ratio for each limb, then dividing the larger ratio by the smaller ratio. 14 Thus, perfect symmetry is represented by a ratio of 1.0, and values greater than 1.0 indicate asymmetry.
Statistical Analysis
A repeated-measures analysis of variance (ANOVA) was used to examine the dual-task effects for each of the gait variables, with Tukey's least-squared differences post hoc procedures applied to examine where the significance occurred. For violations of sphericity, Greenhouse-Geisser corrections to the degrees of freedom were applied. For variables in which the data were not normally distributed, nonparametric tests were used for statistical analysis. For each repeated-measures ANOVA, we present the partial eta squared (η 2 p ) as a measure of effect size; values may range between 0 and 1, with higher values representing higher proportions of variance explained by the independent variable. Paired t tests were used to compare the RTs for each phase of the gait cycle for the 1-back and clock tasks, with measures of effect size reported as Cohen's d. Table 2 displays the temporal gait data as a function of task condition. The dual-task effects on gait speed were reported previously 8 ; however, to facilitate interpretation of the current findings, the mean gait speeds of the 8 participants in this analysis are shown in Table 2 . There was a significant dual-task effect on DLS duration [Friedman test, χ 2 r (3) = 10.950; P < .05; Figure 1 ]. Multiple comparisons using the Wilcoxon signed-ranks test with Bonferroni corrected levels of observed significance showed that compared with single walking, DLS was significantly greater in the 1-back (Z = 2.521; n = 8; P = .012) and speech tasks (Z = 2.380; n = 8; P = .017). The difference in DLS duration between single walking and the clock task was not statistically significant (Z = 1.820; n = 8; P = .069).
Results

Cognitive-Motor Interference Effects on Double-Limb Support
Dual-task effects on the 2 DLS phases (paretic preswing and nonparetic preswing) were also examined individually. There was a significant dual-task effect for duration of nonparetic preswing, which is the period of weight acceptance on the paretic limb [F(3, 21) = 8.598; P < .001; η 2 p = 0.57; Figure 2 ], such that it increased significantly in the 3 dual-task conditions relative to single walking (P < .05). There was no dual-task effect on paretic preswing [Friedman test, χ 2 r (3) = 6.750; P > .05]. These findings suggest that the increase in overall DLS as a percentage of gait cycle duration is primarily a result of an increase in the DLS phase associated with paretic limb weight acceptance.
Cognitive-Motor Interference Effects on Swing
There was a significant dual-task effect on swing duration of the nonparetic limb [F(3, 21) = 8.702; P < .001; η 2 p = 0.55; Figure 3 ]. Post hoc tests revealed that this effect was a result of significantly shorter swing duration in the 3 dual-task conditions compared with the single walking condition (P < .05). The difference between the 3 dual tasks was not significant. Paretic limb swing was not significantly affected by the dual tasks [F(1.65, 11.55) = 1.230; P > .05; η 2 p = 0.15, with Greenhouse-Geisser adjustment; ε = 0.55; Table 3 ].
Variability in swing duration expressed as CV did not change across conditions for either the paretic [F(3, 21) = 0.858; P > .05; η 2 p = 0.11] or nonparetic limbs [F(3, 21) = 0.183; P > .05; η 2 p = 0.03; Table 3 ]. Table 2 reveals considerable temporal asymmetry, even in single-task walking. Six of the 8 participants had asymmetry with longer stance duration on the nonparetic limb, whereas 1 person had asymmetry with longer paretic stance duration. One participant had no temporal asymmetry. On average, the temporal asymmetry observed in single-task walking increased slightly under dual-task conditions, but the effect was not statistically significant [F(1.08, 7.59) = 1.136; P > .05; η 2 p = 0.14, with Greenhouse-Geisser adjustment; ε = 0.36]. Table 3 displays RT as a function of task and gait cycle phase. To examine whether there was a difference in RT for the auditory stimuli delivered during DLS or swing, we compared the mean RT for stimuli occurring in each phase of the gait cycle. In the clock task, the mean RT for stimuli delivered during DLS was slightly longer than for stimulus onsets in the swing phase ( Table 2 ). The mean difference of 86.21 ms was not statistically significant [t(7) = 1.433; P > .05; d = 0.14]. Similarly, in the 1-back task, there was no difference between the RTs for stimuli occurring in the swing and DLS phases [t(7) = 0.0376; P > .05; d = 0.15].
Cognitive-Motor Interference Effects on Gait Symmetry
Effects of Gait Cycle Phase on Reaction Time in Cognitive Tasks
To determine whether response latencies differed according to whether stimuli occurred in the swing phase of the paretic or the nonparetic limb, we compared the mean RTs for stimuli presented during the 2 swing phases (Table 3) . There was no significant difference in mean RT for stimuli occurring during the paretic or nonparetic swing phase in either the clock task [t(6) = 1.077; P > .05; d = 0.09] or the 1-back task [t(6) = 1.125; P > .05; d = 0.24].
We also compared mean RTs for the 2 DLS phases: paretic preswing and nonparetic preswing ( Table 3 ). There were 6 participants with a sufficient number of trials in each DLS phase to be able to perform this analysis for the clock task. RTs were slightly longer for stimuli occurring during the DLS phase preceding nonparetic swing compared with the DLS phase preceding paretic swing. We found that 4 of the 6 participants tended to be slower to respond during paretic weight acceptance. However, with a small number of participants and large between-participant variability, the difference (175.38 ms) was not statistically significant [t(5) = 1.214; P > .05; d = 0.49].
For the 1-back task, there were too few trials delivered in each DLS phase to be able to compare RTs to stimuli delivered during the DLS associated with paretic preswing with that of nonparetic preswing. In the future, it may be necessary to deliberately manipulate the onset of the stimuli to ensure that an adequate number of stimuli occur during each phase of the gait cycle.
Discussion
This is the first investigation of cognitive-motor interference related to different phases of the gait cycle during continuous overground walking after stroke. Our unique analysis was possible because we synchronized the acquisition of the cognitive and gait data. Knowledge gained from the 2 previous studies examining cognitive-motor interference associated with DLS and swing has been limited because the studies have focused only on gait (DLS) 1 or cognition (RT). 6 Here, we have reported the cognitive-motor interference effects associated with distinct phases of the gait cycle for both gait and cognitive performance in a group of community-dwelling individuals poststroke.
Effects of Cognition on Double-Limb Support
The significant dual-task effect on DLS, expressed as a percentage of gait cycle duration, is consistent with the only other study examining this question 1 and suggests that balance during walking may be disrupted under dual-task conditions in independent community ambulators after stroke. Of note, Bowen et al 1 reported that despite their group effect, DLS did not increase under dual-task conditions for all the participants: 2 of 11 showed no change, and 1 participant showed a slight reduction in DLS duration. A visual inspection of individual data for our participants showed that we also had 2 participants who did not behave according to the group effect. These 2 participants were at the opposite ends of the spectrum in terms of percentage of the gait cycle spent in DLS; one (left hemiplegia) had the lowest percentage DLS for the group, whereas the other (right hemiplegia) had the highest percentage of DLS. Despite these differences, both participants had marked lower-extremity motor impairment (22/34 and 18/34 Fugl-Meyer scores, respectively), and both demonstrated considerable variability in DLS duration in all 4 walking tasks relative to the rest of the group. Neither of the participants differed remarkably from the rest of the group with respect to performance on the neuropsychological battery. Future research with larger samples is needed to investigate differences in patterns of cognitive-motor interference based on characteristics such as severity of motor impairment. The overall increase in DLS duration as a percentage of the gait cycle duration was a result of a significant increase in duration of the DLS phase associated with paretic weight acceptance (ie, preswing of the nonparetic limb). In contrast, the DLS phase associated with preswing of the paretic limb did not increase under dual-task conditions ( Table 2) . Therefore, in addition to the moderate effect for reduced cognitive performance during paretic weight acceptance (discussed in more detail later), this phase of the gait cycle was also associated with interference with respect to motor control. In other words, both motor and, to a lesser extent, cognitive performances were affected during paretic weight acceptance. Together, these findings suggest that loading the paretic limb may be the most attention-demanding phase of the gait cycle in persons with hemiparesis. This has important clinical implications. Therapists may need to focus on single-task part-practice of this phase of the gait cycle to improve automaticity of paretic limb loading. Dual-task part-practice may be an important step in progression to dual-task whole-practice of gait.
Effects of Cognition on Swing
Although the duration of paretic swing did not change under dual-task conditions, there was a significant dual-task effect on nonparetic swing duration, such that participants reduced the duration of nonparetic swing relative to single-task walking. Together with the findings for DLS, this indicates that under dual-task conditions, the participants increased the amount of time (as a percentage of total gait cycle duration) spent loading weight onto the paretic limb during initial DLS and then reduced the amount of time spent in paretic single-limb support. No previous studies of the dual-task effects on swing duration after stroke are available for comparison. Nonetheless, the increase in DLS with parallel decrease in paretic single-limb support implies that balance control during dual-task walking may be significantly compromised in independent community ambulators who have suffered a stroke. The destabilizing effect of cognitivemotor interference on gait in this population has the potential to have a substantial impact on community mobility. An important area for future research will be to quantify the impact of gait-related cognitive-motor interference on participation.
We reported previously that the 1-back task may not have been cognitively demanding enough to produce noteworthy gait interference; it had the smallest effect on gait speed, and its effect on stride duration was not statistically significant (unlike the clock and speech tasks). 8 The current findings indicate however, that the 1-back task had a significant effect on the timing of the phases of the gait cycle, even if the total gait cycle duration was not affected. Our previous report involved a slightly larger sample (n = 13). It is likely that the current analysis was underpowered to detect significant differences between the 3 dual tasks (1-back, clock, speech), although the trend in the means for duration of paretic weight acceptance and paretic single-limb stance (nonparetic swing) support our earlier theory that generating spontaneous narrative produced the most interference with gait, whereas the 1-back had the smallest impact.
Effects of Cognition on Temporal Asymmetry
Temporal asymmetry may be a useful indicator of gait dyscontrol following stroke. 14 Although the participants in this study showed signs of reduced balance during dual-task walking (eg, increased DLS duration), they did not exhibit a significant increase in temporal asymmetry. On average, participants had severe 15 temporal asymmetry even at baseline (index > 1.5). With regard to dual-task effects on temporal asymmetry, 2 participants who were extremely asymmetrical (index > 2.5) influenced the group data. Only these 2 showed a noteworthy increase in asymmetry under dual-task conditions. Interestingly, these were the same individuals who did not behave according to the group effect for DLS. The remaining participants (baseline asymmetry index range: 1.03-1.62) did not show an increase in asymmetry across tasks. It is possible that dual-task effects on gait symmetry are related to motor impairment severity or gait variability. The degree of variation in temporal asymmetry observed in our small sample is not unusual for communitydwelling ambulators poststroke. 15 Future research should explore dual-task effects on temporal asymmetry in different subgroups of ambulators poststroke.
Effects of Gait Cycle Phase on Cognitive Task Performance
The current finding that the cognitive-motor interference effects of DLS and swing on RT were minimal is consistent with our previous conclusion that the cognitive tasks were prioritized over gait. 8 The only exception was a moderate effect size for longer RTs in the auditory clock task during the DLS phase associated with paretic weight acceptance relative to the DLS phase associated with paretic preswing. When auditory stimuli were delivered during paretic weight acceptance (initial DLS for the paretic limb), the RTs tended to be longer than when stimuli occurred during terminal DLS for the paretic limb (ie, paretic preswing). Despite the moderate effect size (d = 0.49), the effect was not statistically significant. It is likely that the large variance and the small sample size resulted in insufficient statistical power to detect a significant difference. Indeed, post hoc power analysis (G*Power 3, Faul et al 21 ) reveals inadequate protection against type II error (power = 0.2). Thus, the current results should be viewed as hypothesis generating and should be explored further in a larger group.
Although previous research has reported significantly longer RTs during DLS compared with swing in a subgroup of patients poststroke, 6 we did not find a significant difference between DLS and swing. These conflicting results may be due to differences in the walking task (overground vs treadmill) and/or the nature and difficulty of the cognitive task. It is also possible that differences in patient characteristics contributed to the discrepancy between our study and the previous study. Indeed, Regnaux et al 6 only found a statistically significant effect between DLS and swing for the group of patients who performed more poorly at baseline on the RT task than healthy controls. The previous study did not distinguish between initial and terminal DLS, so it is not known if the effect was equal for paretic preswing and paretic weight acceptance. The current findings shed new light on cognitive-motor interference during walking after stroke and suggest that increases in RT during DLS may be associated with one particular DLS phase. Thus, a hypothesis that emerges from the current data is that paretic weight acceptance may be more attention demanding than paretic preswing and may contribute to slower cognitive processing (longer RTs) during DLS compared with swing. Future research should discriminate between the 2 DLS phases of the gait cycle to address this question.
Limitations
A limitation of this study was the absence of a control group. This was a novel analysis of the interactions between cognitive performance and specific components of the gait cycle. Future investigations will need to determine whether these findings are a result of age-related changes in the control of walking or the effect of the stroke. A more important limitation was the small sample size. Complexities in the technological setup to conduct this innovative analysis led to occasional missing data; thus, some participants from the primary cohort 8 could not be included in this report. Collecting data on an instrumented walkway might overcome some of the difficulties encountered, but the collection of a sufficiently large sample of uninterrupted strides would be severely compromised by the length of the walkway. Another alternative would be to use an instrumented treadmill; however, we remain predominantly interested in studying how people voluntarily modulate their gait during dual-task situations in an overground environment that closely mimics real life. Advances in technology (and/or collaboration with engineers) could streamline synchronized data acquisition. Unfortunately, lesion location information was not available for all participants, so we could not examine for relationships between lesion location and cognitive-motor interference and different cognitive tasks.
Conclusion
Research in cognitive-motor interference during gait in people who have suffered a stroke is still in its infancy. A consistent finding from the emerging body of research is that gait speed is significantly reduced under dual-task conditions. 1, 4, [7] [8] [9] [10] The findings from the current study provide new information to suggest that an increase in DLS, especially paretic weight acceptance, underlies this compromise in gait velocity. Furthermore, we demonstrated that paretic weight acceptance may also be associated with deterioration in simultaneous cognitive task performance, although this needs to be verified in a larger sample. Nonetheless, the current results provide the first evidence that interference between cognition and gait in people poststroke may be influenced by different phases of the gait cycle. Establishing the interactions between components of the gait cycle and different cognitive processes may provide insight into the cognitive factors involved in control of the step cycle.
